MicroRNAs (miRNAs) are small RNAs, ∼22 nt long, that direct proteins to repress expression of mRNAs with which they are partially complementary. miRNAs are one of several classes of small RNA guides that provide sequence specificity to RNA silencing pathways (Reviewed in Ref. 1). In many respects, miRNAs are the normal cellular counterparts to small interfering RNAs (siRNAs), which guide RNA interference (RNAi), arguably the most famous RNA silencing pathway. With the exception of some ubiquitously expressed housekeeping genes, nearly every animal mRNA may, at some time in development and in one or more cell types, be repressed by one or more miRNAs. Thus, it is not surprising that miRNAs regulate key genetic programs in cardiovascular biology and are critical for cardiac development, endothelial function, lipid metabolism, ventricular hypertrophy, and post-infarction dysrhythmias. Here, we first review the key components of the RNA silencing pathway and then examine how RNA silencing regulates cardiovascular biology. Finally, we explore the opportunities miRNAs may provide for therapeutic intervention in human cardiac disease.
germ-line specific Piwi-interacting RNAs (piRNAs) that repress transposons and, perhaps, control chromosome architecture.20, 21 All small silencing RNAs guide members of the Argonaute family of proteins. 22 The human genome encodes seven such Argonaute proteins: Ago1, 2, 3, and 4 bind miRNAs and, likely, siRNAs, and function ubiquitously, whereas Hiwi, Hili, and Hiwi2 bind piRNAs and function in the germ line. miRNAs are initially transcribed by RNA polymerase II as long primary miRNAs (primiRNAs), which contain a ∼65 nt stem loop; a few may be transcribed by RNA polymerase III. 23 Pri-miRNAs are cleaved in the nucleus by the RNase III enzyme, Drosha, liberating the stem-loop or "pre-miRNA" (Figure 1 ). A few pre-miRNAs function as introns. These "mirtron" precursors are excised from the pri-miRNA by the pre-mRNA splicing machinery rather than by Drosha. The protein Exportin-5 escorts the pre-miRNA to the cytoplasm, where a second RNase III enzyme, Dicer, cleaves the pre-miRNA to produce a ∼22 nucleotide RNA duplex comprising the miRNA and its miRNA*-the ∼22-mer from the opposite arm of the stem of the pre-miRNA. The final step in miRNA maturation is the loading of the miRNA strand into an Argonaute protein and the destruction of the miRNA* strand, yielding an RNA-induced silencing complex (RISC). A few pre-miRNAs generate functional miRNAs from both arms of the pre-miRNA stem, but most generate just one abundant species.
In mammals, miRNAs typically bind the 3′ untranslated regions (UTRs) of the mRNAs whose expression they repress. The complementarity between a miRNA and its mRNA targets is rarely complete. In fact, only a small region of the miRNA is necessary and sufficient to promote target binding: nucleotides 2−8 of the miRNA-the seed sequencesuffice to define the target repertoire of each miRNA, which can repress hundreds of different mRNAs.14, 15, 24, 25 Binding of the miRNA-programmed RISC induces translational repression or mRNA deadenylation and degradation. Consequently, inaccurate processing of a miRNA-which can change the position of the miRNA 5′ end within the stem of the pre-miRNA-completely redefines its mRNA targets.14, 15, 26
To date, 677 human miRNAs have been identified, corresponding to 545 distinct 7-nt seeds, each of which may repress tens to hundreds of different mRNAs. miRNA expression varies widely among the cell types, with some miRNAs among the most abundant RNAs in a cell (> 500,000 copies) but expressed in just a few cells, while others are present at more modest concentrations (1,000 copies per cell) nearly everywhere. The first miRNAs discovered, lin-4 and let-7 regulate developmental timing in C. elegans6, 8, but early speculation that miRNAs would generally function to regulate the timing of development proved wrong. Moreover, the dramatic phenotypes caused by loss of lin-4 or let-7 are unusual. Genetic deletion of most miRNA genes, at least in invertebrates, typically causes subtle developmental defects at best and often results in no detectable change from the wild type. 27 Redundancy among miRNAs with identical seed sequences may, in part, explain these results.
Thanks to advances in expression profiling methods-especially high-throughput sequencing-and in the computational prediction and experimental validation of miRNA targets, thousands of miRNAs are now known, and they function in nearly every conceivable biological pathway, from repressing cell death to regulating glucose metabolism. miRNAs coordinate the immune response to infection through both adaptive and innate immune responses28-30 and promote stem cell fates in both the germ line and the soma. Some miRNAs can act as oncogenes; yet others are tumor suppressors, and identifying blood-borne cancers and solid tumors according to miRNA expression profiles remains a focus of ongoing investigation. 31, 32 Figure 2 ). miR-1 and miR-133 are not detectable in pluripotent ES cells; their expression is markedly increased upon commitment to the precardiac mesodermal lineage. miR-1 and miR-133 are excised from a common pri-miRNA whose transcription is activated by serum response factor (SRF), MyoD, and Mef2, three proteins that promote expression of musclespecific genes.39, 40 Artificial expression of miR-1 or miR-133 in embryonic stem cells causes expression of the early mesodermal cell marker Brachyury and suppresses commitment to the endodermal and neuroectodermal lineages. Further differentiation of mesodermal progenitor cells into cardiac and skeletal progenitor cell types is promoted by miR-1 but inhibited by miR-133, consistent with studies showing opposing effects of these two miRNAs.40, 41 The role of miRNAs in directing further differentiation into specific cardiomyocyte lineages is not yet known, although miR-1 is likely to play a part.
Cardiomyocyte differentiation and proliferation require temporal and transcriptional regulation of specific genetic programs. As with skeletal and smooth muscle differentiation, SRF and basic helix-loop-helix (bHLH) transcription factors turn on genes necessary for these programs.42, 43 The bHLH transcription factor HAND2 controls temporal regulation of cardiomyocyte growth by enhancing cellular proliferation within the linear heart tube and, later, preferentially within the right ventricle. HAND1 likely serves a similar role within the developing left ventricle, but is expressed over a different time course and is regulated independently from HAND2. SRF enhances miR-1−2 expression, which in turn represses HAND2 in cardiomyocytes and the developing heart. (Mice and humans have two miR-1 genes: miR-1−1 and miR-1−2.)
Cardiac Development
miR-1 repression of HAND2 mRNA is important for normal right ventricular development and septation.44 Normal cardiac development begins when mesodermally derived precursor cells within the cardiac crescent proliferate to form the linear heart tube, which then undergoes rightward looping and further maturation to form the right and left ventricles. Two similar but discrete cardiomyocyte mesodermal precursor cell types from the primary and secondary heart fields contribute to the formation of the left and right ventricles, respectively, and differences between the genetic programs of these precursor cells may explain in part the origin of septal and right ventricular developmental abnormalities. 45, 46 About half of mice lacking miR-1−2 die near the end of gestation or soon after birth, displaying ventricular septal defects consistent with inappropriate HAND2 expression. 44 Conversely, HAND2 protein expression is depressed in transgenic mice over expressing miR-1. These animals have decreased cardiomyocyte expansion, leading to thin, dilated ventricles. 40 Ventricular development and septation are also regulated by miR-133a, a bicistronic gene that clusters with miR-1 on chromosomes 2 and 18. Combined deletion of miR-133a-1 & miR-133a-2 is lethal in > 50% of mice just one day after birth and is associated with ventricular septal defects that form primarily near the apex.47 Mice surviving to adulthood (25%) have markedly impaired systolic function due to extensive fibrosis and sarcomere structural abnormalities. The developmental defects in these double-deficient mice are associated with increased cardiomyocyte proliferation and apoptosis. Transgenic mice over expressing miR-133a die late in gestation and exhibit either VSDs or thin walled ventricles attributed to a decrease in cardiomyocyte proliferation. These gain and loss of function studies demonstrate that miR-133a regulates ventricular development by decreasing cardiomyocyte proliferation in contrast to its growth promoting function seen in satellite cell-derived myoblasts.39 Ventricular Hypertrophy and Congestive Heart Failure miRNAs regulate genes important for ventricular hypertrophy and fibrosis. Congestive heart failure is a growing problem that reduces the life span and lowers the quality of life of those it afflicts. Congestive heart failure is characterized by neurohumoral activation and a decline in cardiac output. Several miRNAs are regulated uniformly across all causes of heart failure. In addition, ventricular pressure overload accompanying aortic stenosis and systemic hypertension may elicit expression of a set of miRNAs not induced by other causes of heart failure, such as ischemic and dilated cardiomyopathies. Ikeda and coworkers determined the miRNA expression profiles of biopsy specimens or explanted hearts from sixty-seven patients diagnosed with aortic stenosis, ischemic cardiomyopathy, or idiopathic cardiomyopathy.48 Of 87 miRNAs evaluated, the expression of 43 was significantly different from that in normal hearts in at least one group; seven showed responses common to all (let-7c, miR-23a, miR-100, miR-103, miR-140*, miR-214 increased, while miR-126* decreased), four of which previously had been described in earlier studies. These data suggest that while levels of only a few miRNAs are increased or reduced in response to heart failure, many others are regulated in direct response to the pathologic cause of the heart failure syndrome.
The Ikeda study also helps identify how cardiac-specific miRNAs (miR-1, mir-133, and miR-208) are mis-expressed in cardiomyopathic as compared with normal human hearts. Like previous studies of patients with hypertrophic cardiomyopathy and of mice subjected to thoracic aortic constriction, miR-1 was reduced in the group of patients with aortic stenosis. 49, 50 miR-1 was not increased in patients with chronic ischemic cardiomyopathy, contrasting with an acute myocardial ischemia model in which miR-1 expression increased. 51 In mice, miR-133 expression was unaltered up to 14 days after aortic constriction49, consistent with the finding that miR-133 expression was unchanged across all patient groups.48 However, these findings contrast with a previous study showing that thoracic banding and hypertrophic cardiomyopathy significantly decreases miR-133 expression. 50 The discrepancies may reflect differences in the extent of disease, tissue sampling, experimental sample size, or methodology. Collectively, the studies suggest that cardiacspecific miRNAs participate in the development of ventricular hypertrophy and heart failure, but how miR-1 participates in heart failure following myocardial infarction requires further clarification.
Over-expression and inhibition of specific miRNAs have provided further insight into their roles in hypertrophy, fibrosis, and heart failure. Microarray analysis of myocardium from mice following ligation of the left anterior descending coronary artery revealed significantly reduced miR-29 expression. Systemic administration of a miR-29 inhibitor increased collagen expression, suggesting that miR-29 regulates cardiac fibrosis and perhaps ventricular remodeling by targeting collagen genes expressed after myocardial infarction.52 Over-expression of miR-133 blocks cardiac hypertrophy in Akt transgenic mice predisposed to left ventricular hypertrophy (LVH), whereas wild-type mice developed LVH in response to administration of a miR-133 antisense oligonucleotide (ASO) inhibitor.50 However, LVH was not observed in miR-133 deficient mice, and whether these contrasting findings are as a result of chronicity or the complete absence of miR-133 is unclear.47 Although reports vary as to whether and to what extent miR-195 expression changes during hypertrophy or cardiac dysfunction48, 53, 54, miR-195 over expression resulted in LVH in wild-type mice, accompanied by increased expression of brain natriuretic peptide and β-MHC, markers of progressive heart failure and LVH.55
Key molecular events leading to heart failure include the induction of fetal gene expression and a reduction of the more rapidly contractile but less energy efficient α-MHC instead of its β-MHC counterpart. This change in the ratio of α to β isoform expression may be partly restored-and contractility improved-by β-blocker therapy. Remarkably, the cardiacspecific miR-208 is encoded by intron 27 of the α-MHC gene. Expression of miR-208 indirectly enhances β-MHC expression in response to hypertrophic stimuli such as pressure overload conditioning, but not under normal conditions.54 As α-MHC expression decreases in response to stress, miR-208 expression also decreases, thereby moderating the resulting increase in β-MHC expression. Such fine-tuning of gene expression is hypothesized to be the primary function of miRNAs.56 Expression profiling and target gene analysis of cardiomyocytes suggest that miRNAs expressed preferentially in fetal and failing hearts (miR-21, mir-129, mir-212) also help regulate cellular hypertrophy. 57 Thus, in response to environmental perturbations, cardiomyocytes alter the expression of miRNAs that participate in programs governing ventricular hypertrophy, fibrosis, and contractile protein expression. These changes in miRNA expression profiles can either promote or avert progressive ventricular dysfunction and congestive heart failure.
Vascular Biology
miRNAs also participate in angiogenesis and endothelial cell function, inflammatory cell recruitment, and the response to arterial injury. The global importance of miRNAs to endothelial cell physiology was evaluated following siRNA-mediated depletion of Dicer in human endothelial cells, the result of which was to increase the expression of endothelial nitric oxide synthase, cell adhesion molecules, and growth factor receptors and to decrease the expression of cytokines and chemokines. No morphologic differences were apparent, but endothelial cell proliferation decreased.58 Deletion of the endothelial cell-specific miR-126 impairs maintenance of vascular integrity during embryogenesis and reduces angiogenesis following myocardial infarction in mice at least in part by increasing expression of the angiogenesis inhibitor, Sprouty-related protein-1.59
In miRNA profiling studies performed following carotid balloon injury in rats, expression of the anti-apoptotic miRNA, miR-21, increased rapidly, suggesting a role for miR-21 in neointimal growth following arterial injury.60-62 Administration of an antisense inhibitor of miR-21 increased apoptosis of cultured vascular smooth muscle cells; administration of the antisense inhibitor at the time of arterial injury similarly increased apoptosis and decreased VSMC proliferation in the developing neointimal lesion in rats.63 Moreover, intravenous administration of an antisense inhibitor of miR-21 three weeks after initiating pressure overload-induced hypertrophy reduced cardiac ERK-MAPkinase activity, inhibited interstitial fibrosis and attenuated cardiac dysfunction.64
Results like these in disease models suggest that inhibiting inappropriately expressed miRNAs using ASOs and, perhaps, replacing missing miRNAs using siRNAs can be used to treat human cardiac diseases. Treating human disease using siRNAs is being explored for a wide range of diseases, including neurodegenerative disorders, familial hypercholesterolemia, diabetes, pulmonary and systemic viral infections, cancer, and retinopathy. Increasing protein expression by inhibiting miRNAs or reducing protein expression with siRNAs would make proteins previously considered 'non-druggable' into new targets for therapy.
Gene over expression and antisense therapies for treating cardiovascular diseases have been explored extensively, and many of the limitations previously encountered apply to RNA silencing strategies as well. These include the obstacles inherent in bypassing the reticuloendothelial system and endogenous nuclease degradation; delivery of the therapeutic to the target tissue and cell type; transmembrane uptake; escape from endosomes and release into the cytoplasm; and target message specificity. Modifications to RNA structure and conjugation that prevent urinary excretion and hepatic clearance have proven useful in improving bioavailability. Among the more common approaches employed for siRNA delivery are the use of cationic liposomes and nanoparticles that resist reticuloendothelial system clearance and facilitate cell uptake by promoting fusion with the cell membrane. In cynomolgus monkeys, intravenous administration of an apoB-targeting siRNA encapsulated in modified cationic liposomes accumulated in the liver and resulted in >90% silencing of the target mRNA, with accompanying reductions in serum total and LDL cholesterol detectable at least 11 days later.65
Further enhancements in siRNA delivery to tissues or regions of interest may be accomplished by cell surface marker recognition. When complexed with a positively charged protamine-monoclonal antibody fusion protein, systemically administered siRNAs were specifically delivered to HIV-infected cells in vitro66 and in a humanized mouse model. 67 Similarly, an anti-integrin antibody was used to direct multilamellar vesicles containing a Cyclin-D 1 siRNA to mononuclear leukocytes. Delivery of the siRNA by this route reduced leukocyte proliferation, inflammatory cytokine expression, and colitis in a mouse disease model.68
Similar delivery strategies may enable specific administration of siRNAs to the heart. Cationic microbubbles tagged with VCAM-1 antibodies have been used to image arteriosclerotic plaque, and microbubble-assisted delivery of siRNAs to the myocardium has been demonstrated in mice. We can envision using microbubbles and ultrasound to deliver siRNAs directly to the cardiovascular system.69-71 Alternatively, aptamer-siRNA chimeras have shown promise in targeting prostate cancer in a xenograft model. These chimeras are considerably smaller and easier to synthesize compared to antibody-or lipid-based delivery schemes and can provide high affinity binding to specific cell-surface proteins, imparting cell-type specificity.72
Cardiovascular miRNA Targeting Therapies
Individual miRNA species can be blocked in cultured cells and in whole animals using modified ASOs. The first studies to demonstrate effective ASO-mediated inhibition of miRNAs in cultured human cells and in vivo in nematodes were important not only for proof of concept but also for demonstrating that ASOs block small RNAs after they are assembled into silencing complexes.73, 74 Subsequent improvements in ASO chemistry have extended this approach first to mice75 and later to non-human primates.76 For both, ASOs were delivered intravenously to block the function of miR-122, whose function in the liver is required for cholesterol biosynthesis. One study employed cholesterolconjugated, 21 nt long 2′-O-methyl oligonucleotides ('antagomirs'), whereas the other used locked nucleic acid (LNA) modifications of a 15 nt DNA oligonucleotide containing phosphorothioate linkages in place of the standard phosphodiester bonds ('LNA-anti-miR'). Both types of antimiR-122 ASOs reduced plasma cholesterol. In the African green monkey study, three doses of LNA-anti-miR, administered intravenously on three successive days, detectably reduced plasma cholesterol for as long as 3 months.76 Studies in mouse and rat similarly suggest that inhibition of miR-21 using intravenously administered ASOs may provide therapy for failing hearts. 63, 64 Local inhibition of miRNAs by ASOs also holds promise. Wang and coworkers used transepicardial injection of a 2'-O-methyl ASO targeting miR-1 prior to ligation of the left anterior descending coronary artery to suppress post-infarction ventricular arrhythmia, suggesting that such ASOs could be used therapeutically.51 Conversely, administration of a miRNA-mimic to increase miR-1 expression increased post-infarction ventricular arrhythmias. Computational analysis suggests that miR-1 represses the GJA1 and KCNJ2 mRNAs, which encode the predominant protein expressed at gap junctions (Connexin 43) and the inward rectifying K + channel (Kir2.1), respectively. The increase in arrhythmogenesis caused by miR-1 appears to be at least in part mediated by a reduction in expression of these genes, as administration of siRNAs targeting either also increased ventricular arrhythmias, even when co-administered with the miR-1 antisense inhibitor.
Conclusions
Clearly, miRNAs play a significant role in cardiovascular development and disease. miRNAs are important for regulating cardiomyocyte self-renewal and differentiation, as well as for normal cardiac structural integrity. Identification of those miRNAs and target genes that contribute to adult cardiac pathology is likely to suggest new targets for therapy. Obstacles encountered previously with gene therapy and antisense drugs remain an impediment to delivering miRNAs, but pre-clinical studies for antisense miRNA inhibitors have been promising. Similarly, both preclinical studies and phase II human trials evaluating siRNA therapies have been encouraging, suggesting that miRNA replacement strategies and miRNA inhibitors will find their way into clinical use in the near future. miRNA biosynthesis pathway. Following cleavage of the pri-miRNA by Drosha, premiRNA exits the nucleus and is cleaved by Dicer to a duplex. From this miRNA/miRNA* duplex, the miRNA strand is loaded into the RNA-induced silencing complex (RISC), and the miRNA* strand is destroyed. Translational repression of targeted mRNAs by RISC may occurs within the P-Body. miR-1 and miR-133 regulate progenitor cell self-renewal and cardiomyocyte differentiation from embryonic stem (ES) cells. 
